The protonation of ten aliphatic amides in sulfuric acid media was studied by UV spectroscopy. (-0.57, -0.29, -0.32 and 0.36, respectively), analogous acetamides were more basic than formamides. Applying the Hammett's equation, satisfactory correlation could be gained only for some formamides, the basicities of which increased linearly with the inductive effect of the electron donating groups. From Taft's approach, it can be concluded that the polar effect slightly dominates over the steric one. Excellent correlation between pK BH + and solvation parameters m* was achieved for formamide, dimethylformamide and diethylformamide. At half-and fullprotonation, better correlation was obtained for formamides than for acetamides.
INTRODUCTION
Acid-base properties and protonation-deprotonation equilibria are the most widely studied chemical phenomena. The importance for accurate and comparable determination of pK values resulted in the development and application of many analytical techniques [1] . An accurate knowledge of the protonation behavior of weak bases is required both for structure-reactivity correlations and for a detailed kinetic analysis of hydrolysis [2−5] .
Protonation constants of weak organic bases are obtained by analyzing the changes of some physical properties of the observed substrates, starting from free towards protonated base, by increasing the media acidity. However, for carbonyl compounds, such as amides, the situation is more complex since the spectra of one or both forms are usually subjected to substantial medium effects. Both of the commonly applied methods for the study of protonation equilibria (UV-Vis and NMR) are affected to some extent by the medium effects that accompany the acid concentration changes. Various methods have been devised to correct for the medium effect, e.g. CVA -characteristic vector analysis [6−9] , PCA -principal component analysis [10−12] , TFA -target factor analysis [13−15] , etc.
Aliphatic amides can be conveniently studied by NMR spectroscopy [16−22] , for which solvent effect can be adequately handled [16] . According to some opinions, UV spectroscopy was considered inappropriate, because UV absorption of aliphatic amides in water solution takes place at 190-200 nm. Additionally, it is subjected to further hypsochromic shift caused by protonation [16] . One of the few methods which is used to determine the basicities of some aliphatic amides is the conductimetric method used by Grant and coauthors [23] . Basicity and solvation of aliphatic amides are intrinsically important parameters for understanding the behavior of biochemical systems. Protonation has an important catalytic role in the hydrolysis of amide bond in peptides. As a consequence, simple amides (for example, formamide) are widely used as model compounds for studying the protonation site in strained amides [24] .
The determination of protonation sites in the molecule is an important issue in the observation of protonation equilibria for amides. Many authors have agreed that the O-atom from the carbonyl group, compared to the N-atom from the amide group, is the predominant protonation site, but there are a few other opinions as well [17, 18] . In the recent investigations, employing quantum chemical calculations and heteronuclear NMR measurements of carboxylic and non-carboxylic amides, Bagno et al. [25] have concluded that, generally (with few exceptions, e.g. sulfonamides, sulfinamides and sulfenamides), amides are protonated on the acid residue. On this basis, the protonation reaction of the investigated aliphatic amides could be represented by a mechanism in Scheme 1. The present paper reports determination of the protonation constants of ten aliphatic amides of the type R-C(O)-NR' 2 (when R=H, Me; R'= H, Me, Et, i-Pr, i-Bu and Bu) in sulfuric acid media. To the best of our knowledge, no protonation data for these series of tertiary amides (obtained by means of UV spectroscopy), have been published so far. Furthermore, it is important to investigate the correlation between protonation constants and substituents, in order to determine the influence of polar and steric effects on the basicity of investigated amides.
EXPERIMENTAL

Materials
All investigated amides (Table 1) were used without further purification.
Stock solutions of the aliphatic amides were prepared in deionized water. Reagent grade sulfuric acid (97% by weight, Alkaloid -Skopje) was used. Three series of sulfuric acid were prepared: 0.0-1.0 mol dm -3 with 0.1 mol dm -3 increments; 0.0-10.0 mol dm -3 with 0.5 mol dm -3 increments; and 10.0-15.0 mol dm -3 with 1.0 mol dm -3 increments. The exact concentration of sulfuric acid was determined by titration against sodium hydroxide (Titrival, Alkaloid -Skopje). The concentrations of the aliphatic amides for the pK BH + determination are given in Table 1 . The UV spectra of the substrates and appropriate blanks were recorded in a range of sulfuric acid solutions from 0.0 to 15.0 mol dm −3 . The UV spectra were recorded immediately after preparing the solutions, on a Varian Cary 50 Spectrophotometer in 1 cm quartz cell, in the range from 190 to 350 nm, with resolution of 1 nm at room temperature (25 ± 1 ºC). 
T a b l e 1
Abbreviations and analytical concentrations of investigated amides
where A(B) and A(BH + ) are the absorbances at selected wavelengths (from UV or reconstructed spectra) of free and protonated base respectively. Also, ionization ratios were calculated from mol fraction for free (B) and protonated base (BH + ) using following equation:
Determination of the dissociation constant depends on the method used, and the wavelengths selection [14] . Therefore, equilibrium concentration of the base and the conjugated acid, i.e. their molar fractions for each sulfuric acid concentration were obtained by the method of least squares, solving the system of p linear equations (where p = number of wavelengths in all spectral range): 
Determination of the protonation parameters
In order to determine the strength of the studied weak bases, the thermodynamic pK BH + values were calculated using three different methods: the equation proposed by Yates and McClellandeq. (4) [26] , the Bunnett and Olsen method -eq. (5) [27] and the excess acidity method (EAM) -eq. (6) [28] .
where {c H + }= c H + /(mol dm -3 ), H 0 is Hamett's acidity function, H X =H A is its corrected value for amides, and X is the excess acidity function. The values of log{c H + } and X are available for aqueous H 2 SO 4 [29] . The data for H 0 are calculated using the equations (7) [20] :
The amide function in the literature can be found in different ways in its determination. Usually this is done by equation (8):
where m* is value for each compound [28] , or the average value of observed compounds [10] . Due to the inability to determine the solvation parameters with EAM for some of the amides investigated, we used equation (8) for all compounds, where for m* the value of 0.6 was taken. The m* value depends on both polar and steric effect of the substituents and the substitution site, and increases enlarging the alkyl substituent bonded to a carbonyl group [16] . Unfortunately, there are no analogue data for N-substitution at aliphatic amides. The value of 0.6 is taken as average of the m* values determined by NMR technique (0.43 for FA [16] , 0.67 [16] and 0.64 [20] for DMFA, 0.55 for AA [21] , 0.62 for DMAA [20] and 0.84 for DEAA [21] ).
RESULTS AND DISCUSSION
Ten aliphatic amides, mostly tertiary, i.e. N,N-dialkyl substituted formamides and acetamides were selected for investigation of the protonation reaction. The increasing of the environment acidity induces changes in the spectra of the aliphatic amides, as a result of the protonation reaction and medium effect. The spectra of the investigated formamides and acetamides are characterized by one wide absorption band resulting from π→ π* transition. Concerning the primary amides, this band is in the 190-210 nm region, while at tertiary amides this band appears in a somewhat wider region (190-230 nm). The experimental transitions for free and protonated base in UV spectra of all investigated amides are presented in Table 2 . It may be noted that the alkyl substitution on the N-atom in the molecule the FA, indices bathochromic shift (for about 2-3 nm) of the absorption peaks in the spectra of the substituted formamide. The same effect is observed in the absorption spectra of alkylmethylketones, RC(O)Me, by increasing the alkyl series (R = Me, Et, n-Pr, i-Pr, t-Bu) [30] .
Inability to determine the maximum absorbance of FA and AA in water, that is due to their high absorption, results in shoulder appearance in their UV spectra (Table 2) , which is not the case at tertiary analogues. The observed difference between UV spectra of FA and АА in water, on one side and corresponding UV spectra of tertiary amides on the other, is quite probably due to intermolecular amide-water and possibly amide-amide hydrogen bonds. The former are more likely to appear in primary [31] than in tertiary amides, while the latter appear only in primary amides. 3.1. Determination of the pK BH + It is well known that when the protonation reaction occurs in a relatively weak acidic environment, the medium effect is more pronounced for BH + than for B [32] . This is exactly the case in aliphatic amides. Thus, by increasing the acidity, the shift of the absorption band becomes more expressed. For the ionization ratios calculation with eq. (1) the standard approach is to select the wavelength of maximum absorption (of the form B or BH + ). In our case, this is impossible due to the existing heavy overlap of spectral curves around  max of form B (the  max of BH + cannot be estimated). The selection of wavelength and acidity range for ionization ratios determination was performed for each of the studied compounds. Thus, for FA (Figure 3) and АА, the acidity region 0.0-1.0 mol dm -3 H 2 SO 4 (with increment of 0.1 mol dm -3 ) is not applicable, due to the previously mentioned bathochromic effect of the absorption band. On the other hand, concerning other compounds, i.e. DiPFA and DiPAA (Fig. 3) , it was necessary to include the acidity region mentioned above. The dependence of absorbances from the concentration of sulfuric acid at selected wavelengths shows that the protonation of aliphatic amides, especially acetamides, is already going on at low acidity. Therefore, the obtained protonation curve is not shaped as the typical "S" curve.
T a b l e 2
Experimental transitions in the UV spectra of amides
Generally speaking, the presence of clearly defined absorption bands of the protonated and unprotonated base in the spectra is the necessary condition for successful CVA application. In this study, the CVA applied for medium effect removing has not given the expected results, as it was successfully done in substituted benzamides [10] and toluidides [11] . The reason for this is that the absorption bands of BH + for the spectra recorded in sulfuric acid at concentrations higher than 6 mol dm -3 are present under 190 nm. Therefore, the obtained reconstructed spectra are not monotonous, i.e. absorbance at selected wavelength does not change proportionately with the change of sulfuric acid concentration. As an example, the reconstructed spectra of FA (with and without spectra in water) are presented in Supplementary data. Similar results were obtained for all amides with exception of АА, DMAA and DiPAA. Therefore, the calculation of ionization ratios was performed through the absorbance at selected wavelengths from the original UV spectra (see Supplementary data -pK tables). In the exceptions mentioned above, besides the experimental absorbances, an attempt was made to calculate the ionization ratios through other means. Thus, in the case of AA we used absorbances differences at small absorption peaks at 196, 198 and 201 nm from the UV spectra, and 196 and 201 nm from the reconstructed spectra of AA. In the case of DMAA, we used the convenient way through absorbances at selected wavelengths, but from their reconstructed spectra. Figure 4 presents the reconstructed (with two characteristic vectors) spectra of DMAA in the spectral range of 190−220 nm in 0.0−9.0 mol dm -3 sulfuric acid. While, in the case of DiPAA ionization ratios, these were calculated by molar fractions on unprotonated and protonated form (Fig. 5) , method that was previously applied with success for toluidides [11] . Similarly, in our previous investigation for indoles, the same approach was used, with the exception that the calculations are based on the absorbances used at four selected wavelengths [33] .
The wavelengths for pK BH + calculation were selected after detailed statistical analysis, regarding the following criteria: the highest correlation coefficient for the selected acidity area, taking into account that log I should roughly be in the range of values from -1 to 1.
The average pK BH + values obtained from the calculation for several different wavelengths (or by another approach mentioned above), in different acidity regions, employing three methods (YMCM, EAM and BOM) are presented in Table 3 . All pK BH + values were calculated using least squares linear regression. The correlation coefficients were, as a rule, in the range 0.950 < r < 0.995, with few exceptions for some acetamides (see Supplementary data).
Investigating the data obtained using YMCM method (Table 3) , we can conclude that the acidity function H A does not adequately describe protonation equilibria, because the m' slope is not equal to
1. An exception to this is DiPAA which is protonated at lower sulfuric acid concentrations. T a b l e 3 [16, 21] , in this work, the application of EAM on some of the compounds investigated (Table 3) gave results with a low correlation coefficient. This, to some extent, an unexpected outcome, accounting only for acetamides, which are stronger bases and readily protonated at lower acidity. Accordingly, it was not possible to obtain relevant values for the solvation parameter m*. One of the possible explanations for these results might be the instrumental technique applied. Namely, the instrument response is very low and probably more influenced by experimental errors than the NMR.
Protonation parameters for investigated amides
Unlike the above-mentioned weak behavior of the studied acetamides, the results for pK BH + values for FA, obtained with ЕАМ and ВОМ, are in good agreement with the ones determined by other authors. Thus, the values obtained in this study are in accordance with the value of -1.47, calculated by Bagno et al. [16] . At the same time, they differ from the pK BH + values obtained from Liler [17] , estimated at -2.0±0.15, through the half-protonation values (H A ½).
The pK BH + value of -1.13 for DMFA coincides with that given by Bagno and Scorrano [20] , and is close to the value of -1.2 from Grant and coworkers [23] . However, the pK BH + value for DMFA differs from the value of -1.33, which is published by Liler [17] . From the same source, the pK BH + values for DEFA and DiPFA were -1.23 and -1.2, respectively, which differ from the values obtained in this work. It is obvious that the results of Liler [17] deviate from the (now accepted as corrected) values of FA and DMFA, for ~0.6 and ~0.2 pK units, respectively. However, for DEFA and DiPFA, we could not derive the same conclusion, since the results obtained in this work are the only known ones.
The results for AA obtained with EAM (-0.65) and ВОМ (-0.57) differ from each other, although the first one is closer to the data available in the literature of -0.66 [16] and -0.73 [21] , determined by applying the same method. On the other hand, our value obtained by BOM is close to the value of -0.62, which was determined by the conductometric method [23] . Values for DMA (-0.29) do not comply with some literature data (-0.21) [16, 20] , but are practically equal to the value of -0.28 obtained by Grant et al. [23] .
Apart from this, the calculated pK BH + value for DEAА is close to -0.33, as published previously [21] . The value obtained for DiPAA is rather unexpected, since it is positive (+0.35); unfortunately, there were no available literature data sources for comparison. If one is analyzing the values obtained for N,N-dialkyl substituted benzamides [21] in comparison with the corresponding acetamide analogues, the calculated pK BH + value for DiPAA is more acceptable. Namely, the differences in pK values of acetamide and benzamide, and between their dimethyl and diethyl analogues, which range from 0.71 to 0.97, is close to 0.9, as was in the case for the isopropyl group (Table 4) .
T a b l e 4
Comparison of pK BH + of N,N-dialkyl substituted benzamides and acetamides 
Hammett-Taft correlations
Hammett's correlation [34] connects the changes in the dissociation constants of any reaction with -constants of the substituents (obtained empirically) and the reaction constant  :
However, this equation is practically inapplicable for aliphatic compounds, because of the significant contribution of the steric effect along with the polar one. Usually, the combined contribution of both effects is expressed by Taft's [35] equation:
where ρ* and δ are reaction constants, and σ* is constant that accounts for the polar effect of the substituents, while E s is steric constant.
Both polar and steric effect have cumulative property, thus in both equations, (9) and (10), instead of individual values for * and E s , their cumulative values Σ* and ΣE s could be substituted. Graphically, the dependence of pK BH + values from Σ* and ΣE s is presented on Figure 6 .
The values used for σ* and E s are obtained empirically, and represent the results from the investigations conducted by Taft [35] and Hancock et al. [36] . The inspection of the figures reveals that the pK BH + values are uniquely influenced by neither Σσ* nor ΣE s . By applying Hammett's equation on the formamides and acetamides investigated, no satisfactory correlation was obtained in any possible combination of Taft's constants. This is an analogous conclusion to that formulated by Bagno et al. [16] . However, there are evident similarities in the influence of the substituents, either by polar or steric effects, on the protonation constants for both series of substances (formamides and acetamides). To illustrate and confirm the above discussion, the equations representing the best correlation of pK BH + values for DMFA, DEFA and DiPFA, on Σσ*, i.e. ΣE s , plotted in Figure 6 , are listed below (eq. (11) and eq. (12)). This conclusion is in accordance with Liler's results [17] , i.e. the basicity of N,N-disubstituted formamides increases linearly with the inductive effect of the electron donating groups in order: methyl < ethyl < isopropyl. 
In both equations, the intercept values indicate the influence of another effect present (apart from that used in the correlation). In order to analyze the contribution of both effects, eq. (10) was applied and the calculated reaction constants are presented in Table 5 . From this approach, it can be concluded that the polar effect slightly dominates over the steric one, both for the protonation of formamides and acetamides. Furthermore, the correlations obtained between the solvation parameter and separately with Σσ* and ΣE s , presented with eq. (14) and (15), indicate that m* approximately is equally dependent from the both factors: substituent polar and steric effect. The substituent increasing in the order: H < Me < Et, leads to a decrease of Σσ* and ΣE s values. At the same time, according to eq. (14) and (15) r -correlation coefficient, s -standard error, n -number of compound, c p½ -concentration of sulfuric acid at half protonation of amide, c p -concentration of sulfuric acid at completely protonation of amides.
Better correlation was obtained for formamide, which is not very surprising given the difficulties in determining the pK BH + of acetamide (Table 6). The significant standard errors indicate that the equations obtained could not be used to determine the pK BH + values. This was not the ultimate goal, but the idea was to show, however, that there is a protonation pattern. More precisely speaking, the stronger bases are protonated in more diluted solutions of sulfuric acid, and consequently, weak bases are protonated in more concentrated solutions of sulfuric acid. The latter is something that should ultimately be expected, but nevertheless it is not always the case [16] .
CONCLUSION
UV spectroscopy was employed for the determination of pK BH + values for the whole series of tertiary aliphatic amides. The dissociation constants, as well as the solvation parameters, were calculated using three methods (Yates and McClelland, Excess acidity and Bunnett-Olsen's method). From the results, it can be concluded that the BOM is the most suitable method, especially for acetamides where EAM cannot be applied. Estimated pK BH + values coincide with those obtained by the more recent literature data obtained by NMR. Applying the Hammett's equation on the formamides and acetamides investigated, evident similarities in the influence of the substituents, either by polar or steric effect, on the protonation constants for both series (formamides and acetamides) are noticed. The basicity of N,Ndisubstituted formamides increases linearly with the inductive effect of the electron donating groups in the order: methyl < ethyl < isopropyl. From Taft's approach, it can be concluded that the polar effect insignificantly dominates the steric one. Regarding the structure-solvation correlations, it can be clearly concluded that it was not possible to expect satisfactory correlation between the pK BH + values and the solvation parameters. Excellent correlation between pK BH + and m* was achieved for formamide, dimethylformamide and diethylformamide. At half and full protonation, better correlation was obtained for formamides, relative to acetamides.
